The choice of leaf-killing technique was found to affect significantly the distribution of label among early labeled photosynthetic products in two C4 plants, Portulaca okracea and Zea mays. The major effect of these procedures was on the amount of amino acids present, particularly alanine, and the ratio of malate to aspartate. Killing Portulaca leaves in alcohol generally results in more alanine and the predominance of malate over aspartate. When the leaves are killed by immediate freezing, however, aspartate contained more radioactivity than malate, and alanine was present in much reduced amounts. The various methods also differ in the relative amounts of C3 cycle compounds and other, secondary intermediates which were obtained.
Various methods are currently used for terminating physiological and biochemical experiments and it is likely that no two methods work with equal efficiency. Differences in seconds or even fractions of a second in stopping an experiment could be important in radioactive tracer studies. This is especially true in determining early labeled photosynthetic products, since the entire exposure time typically consists of approximately 5 to 15 sec (2, 10, 14) . In spite of the seemingly obvious possible importance of choosing a particular killing technique, little work has been conducted to determine what effect, if any, different killing methods have on '4C-labeled photosynthetic products. This is also true for C4 plants, where the degree of operation of the C3 and C4 cycle and possible classification into subcategories are dependent upon short term exposures to '4CO2.
In one of their earliest papers on the C4 pathway in sugarcane, Hatch and Slack (9) tried two different killing methods and concluded that both gave nearly identical results. In the present report, leaf-killing techniques are shown to affect significantly the distribution of 14C among early labeled photosynthetic products in at least two C4 plants.
MATERIALS AND METHODS
Unless otherwise stated, mature Portulaca oleracea L. leaves were harvested from plants grown as previously described (14) . For Zea mays L., 7-to 10-cm long leaf segments of greenhousegrown plants were used. This tissue was taken from the middle of the leaves and from plants 100 to 125 cm tall. Greenhouse illumination was approximately 2250 microeinsteins m-2 sec-' (400-700 nm) with temperatures of 19 C night and 27 to 32 C day.
'4CO2 Incorporation. All assimilation experiments were con-' This work was supported by National Science Foundation Grant BMS-75-09931 and a grant-in-aid of research from The Society of the Sigma Xi. ducted as described earlier (14) except that the incorporation chamber consisted of a 50-ml glass tube. Approximately 2 umol of '4CO2 were injected into the chamber with a gas-tight syringe. After 10 sec, the rubber stopper sealing the tube was removed and the leaf tissue killed as given below.
For most Portulaca experiments, a twin head dyna-Lume lamp was used (14) ; whereas all Z. mays incorporations were conducted with two 150-w General Electric reflector spot lamps providing an illumination of approximately 3000 ft-c (1200 microeinsteins m-2 sec-' of 400 to 700 nm wavelength).
Incorporations resulted in the fixation of about 10-6 cpm g-' fresh weight in Portulaca and 20 x 10-6 cpm g-' fresh weight in Z. mays. Radioactivity was quantitatively extracted with a recovery of greater than 95% of the total '4C fixed.
Alcohol Kills. Three 80% alcohol treatments were used to terminate 14CO2 fixation: boiling ethanol (82 C) or methanol (72 C), or methanol at 23 C. All extraction procedures were as described (14) using 80% ethanol or methanol as appropriate. Dinitrophenylhydrazine Kill. Killing of leaf tissue in a 2,4-dinitrophenylhydrazine-ethanol-HCl solution was as reported earlier (15, 19) . Briefly, the leaf chamber was flooded with a solution consisting of 150 ml 95% (v/v) ethanol, 1 ml concentrated HCl, and 10 ml 2% (w/v) 2,4-dinitrophenylhydrazine in 2 N HCl (19) . The killing solution was kept at -80 C with a Dry Ice-acetone bath before the incorporation and for 3 min after pouring it into the leaf chamber. Subsequent procedures were as reported (15) . Use of this killing method also permits separation and identification of unstable c-keto acids (15 (-196 C) . Liquid N2 was then boiled off at -80 C and the frozen leaf tissue pulverized with a glass rod.
Boiling 80% (v/v) ethanol was added and the tissue allowed to steep for 2 to 3 min. Leaves were homogenized in a glass mortar and pestle, re-extracted with 80% ethanol, once with water, and treated as previously reported (14) . Similar liquid N2 procedures have been reported (8) . All killing procedures were repeated from two to several times.
Chromatography. Separation and identification of labeled compounds was conducted using thin layer electrophoresis and chromatography as described earlier (14) . In addition, identification of all photosynthetic products was verified using the standard paper chromatographic system of Bassham (1) . Thus, all labeled compounds were separated and identified using two 207 Malic Acid Degradation. In vitro degradation of malic acid by malic enzyme was conducted much like the procedures reported by Sutton and Osmond (18) . Malic enzyme was isolated from 20 g of 10 to 14-day-old maize plants. The leaves were finely cut, ground in 50 mm glycylglycine buffer (pH 7.5), 10 mm 2-mercaptoethanol, 2 mM MgCl2, and 1 mm EDTA, filtered through Miracloth, and centrifuged at 20,000g for 10 min. Ammonium sulfate was slowly added to the supernatant at 4 C to obtain fractions precipitating at 50% and 50 to 65% saturation. The protein fraction precipitating first contained most of the phosphoenolyruvate carboxylase activity and was used to obtain 4-'4C-malate for use as a standard (see below; 7). A second (NH4)2SO4 precipitation resulted in a malic enzyme fraction that was used directly for malic acid degradation. Activity of malic enzyme was determined spectrophotometrically in 25 mm tris-HCl (pH 8.3), 0.5 mm EDTA, 5 mM MgCl2, 2.5 mM malic acid, and 1.5 mm NADP (12) . No detectable fumarase activity was observed (17) .
Reaction mixtures for degradation of malic acid were run as described (18) ture. Alanine was the most heavily labeled compound using that method, with corresponding reductions in the percentages of malate and aspartate. In addition, this killing procedure resulted in a labeling of succinate (9.7% of the total), and was the only method utilized in which glutamate always had a small percentage (3.0%). By contrast, both hot alcohol treatments produced less alanine and more C4 acids. As noted previously (14) , boiling 80% ethanol consistently results in little or no labeling of PGA and sugar-phosphates (Table I ).
All three killing methods which involved immediate freezing of the leaf tissue result in decreased labeling of alanine and increased amounts in PGA and sugar phosphates. While liquid N2 and MCF both have approximately 90% of the 14C in C4 acids, less than 80% of the 14C incorporated was located in C4 acids when DNP served as the killing medium. This may be partially explained by the fact that this is one of the few methods available in which oxaloacetate, the first labeled product in C4 plants, is stabilized. It should also be noted that DNP killing results in a distribution of label among a greater number of compounds. Nearly 20% of the total 14C was located in compounds outside of either C3 or C4 cycle intermediates. As reported earlier (15), succinate is always labeled when Portulaca leaves are killed in DNP and can comprise up to 15 % of the total incorporated "4CO2. In addition, this method of killing results in considerable labeling of glycerol and an unidentified compound (see Table III ). The latter compound co-chromatographs with sugars in the paper chromatography system (RF values of .52 and .41) but appears negatively charged in the thin layer system with RF values of .40 electrophoretically and .45 chromatographically.
Although the differences in distribution of label among photosynthetic products in Z. mays (Table II) are not as dramatic as in Portulaca, there are a number of similarities. First, the alcohol treatments result in more alanine, less PGA plus sugar-phosphates, and slightly greater labeling of miscellaneous compounds. Again the total C4 acid percentage was markedly reduced when using a DNP kill, with an accompanying increase in the secondarily derived compounds. In Zea, these secondary. metabolites include succinate (13.5% of the total), glycerol (1 1.3%), and an unknown compound (8.2%).
A general feature of the various killing procedures in Portulaca is that the alcohol kills resulted in a predominance of malate over aspartate; whereas killing leaf tissue by immediate freezing always showed more aspartate than malate. Regardless of which four carbon acid was most abundant, the relative amounts of one four-carbon acid to the other varied considerably from one killing procedure to the next. Corn, on the other hand, always had more aspartate than malate, although the relative amounts EFFECT OF DIFFERENT KILLING TECHNIQUES of the two C4 acids changed in this plant as well, depending on the killing method used.
Alpha-keto acids are important primary products in plants with the C4 pathway. Because of the importance of stabilizing those compounds and determining their contribution to C4 cycle reactions, additional experiments were carried out using DNP as the killing solution. From Table III it can be seen that aspartate makes up a sharply decreasing percentage of the total '4C-labeled products over a 60-sec period of '4CO2 assimilation in Portulaca. Succinate remains heavily labeled throughout that period and PGA plus sugar-phosphates increase in percentage label. In addition, two other compounds contain major amounts of 14C at all times tested. The unknown metabolite referred to above becomes increasingly labeled, while glycerol contains approximately 15% of the total label incorporated at all times. DNP killing also produces a uniform and significant percentage of the total label in the hydrazone fraction (5-9%) for all time periods studied. Table IV shows the results of aspartic and malic acid degradation experiments to determine the extent of C-4-labeling and, therefore, likelihood of alanine coming directly from carbons 1, 2, and 3 of the four-carbon acids after decarboxylation. Both four-carbon acids are virtually 100% labeled in the carbon-4 position after 2 sec; 99% of the 14C resides in C-4 of aspartate, while 94% of the 14C is located in C-4 of malate.
It should be noted that the method of degrading aspartic acid used in the present experiments determines the per cent 14C in both the C-1 and C-4 carboxyls. Inasmuch as initial labeling has been shown to occur in position four in many C4 plants (9) and carbons 2 and 3 show little labeling (Table IV) , it is safe to assume that aspartate is almost exclusively labeled in the C4 position at the shortest time periods. From the present experiments, randomization of label appears to occur faster in malic acid than in aspartic acid. After a 10-sec exposure to '4CO2, label percentage in C-1, 2, and 3 of malate had increased to 17 .8% while that in aspartate was only 1.1 % (Table IV) .
DISCUSSION
The present results suggest that the choice of leaf-killing technique is an important consideration when conducting photosynthetic '4CO2-labeling studies. In both plants tested, alcohol methods result in significantly more alanine when the tissue is All experiments were 10 sec in length and resulted in the incorporation of about 20 X 10 cpm g fresh wt.
Extractions were quantitative and resulted in the recovery of greater than 95% of the 14C fixed. (Table IV) , it is very unlikely that alanine could be derived from the four-carbon acids after ,3-decarboxylation or by randomization of label among carbon atoms 1 through 3. Alanine could still come from PGA, the usual precursor of alanine in photosynthesis, by rapid turnover of a small PGA pool via phosphoglycerate mutase and enolasemediated reactions. Experiments currently in progress should test this hypothesis. Another explanation for the differing amounts of alanine could be that the alcohol treatments result in a nonenzymic a-decarboxylation of aspartic acid in reactions similar to those proposed by Guirard and Snell (6) .
In an earlier study, Kennedy and Laetsch (14) found heavy labeling of alanine in Portulaca after short exposures to "4CO2. These findings were not verified in later experiments by Hatch (8) and it appears that the discrepancies are a result of different killing methods used in the two studies. Using killing procedures like those given by Hatch, we have obtained virtually identical labeling patterns (Table I) . No significant changes in product labeling was observed under various light intensities, CO2 concentrations, and preillumination times as proposed as possible explanations for the variance (8).
Downton (5), and more recently others (11, 16) , have discussed C4 plants as being separable into two groups based upon the proportion of 14C fixed into malate or aspartate after short term exposure to '4C02. It has been shown (14) that the relative amount of these two compounds may change with the length of exposure to radioactive CO2 and age of leaf tissue used in the study. The present experiments show that the method of terminating the assimilation experiment may also influence whether or not a C4 plant is classified in the manner proposed by Downton.
The present results indicate that great care should be taken when comparing the results of '4CO2 incorporation experiments conducted in different laboratories. While differences may not always exist, significant variations could be attributable solely to the manner in which the experiments were carried out.
